P*seudomonas aeruginosa* is a Gram-negative opportunistic pathogen associated with severe infections often seen in immuno-compromised and critically ill patients as well as individuals with cystic fibrosis, burns or chronic wounds. These disabling infections can cause a severely reduced quality of life for patients and are associated with delayed healing[@b1][@b2] and increased morbidity and mortality[@b3][@b4][@b5]. *P. aeruginosa* is commonly known for its immune evasive abilities by the production of various extracellular and also cell-associated virulence factors, such as proteases, exotoxins, alginate, lipopolysaccharide (LPS) and rhamnolipids, that can amongst others alter coagulation and vascular permeability[@b6][@b7], activate zymogens such as the highly abundant plasma protein prothrombin[@b7], and degrade a large variety of proteins such as extracellular matrix components[@b8][@b9], cytokines[@b10], complement factors and coagulation factors[@b11]. Reports describing these findings for *P. aeruginosa* refer to degradation of proteins often as a loss of function with diminished immune responses as a consequence. However, in a broader biological perspective, protein digestion leads to the direct formation of many fragments that may exert novel functions. In agreement, proteolytic activity by endogenous enzymes may result in the generation of host defence peptides (HDPs) and in some cases activated proteins, which may not only exert antimicrobial effects, but also affect cytokine release, complement activation and coagulation during inflammation[@b12][@b13]. Degradation of human thrombin by neutrophil elastase, for example, generates amongst other antimicrobial fragments, an 18 amino acid long C-terminal peptide (HVFRLKKWIQKVIDQFGE, denoted HVF18)[@b14], which is capable of dampening inflammation[@b15]. This observed multifunctionality of HDPs is in line with the fact that many classical antimicrobial peptides, such as cathelicidins and defensins, have been shown to mediate numerous biological effects, including chemotaxis, phagocytosis and other inflammatory responses[@b16][@b17][@b18]. However, recent evidence shows that classical antimicrobial peptides, such as LL-37, likely exert little or no antimicrobial activity *in vivo*, while the immunomodulatory effects dominate at physiological concentrations[@b19][@b20].

As *P. aeruginosa* proteases could resemble the activity of neutrophil elastase, we hypothesized that *P. aeruginosa* can mimic endogenous anti-inflammatory mechanisms by creating 'HDP-like\' immunomodulatory peptides, that can aid this bacterial species in circumvention of host responses. To test this hypothesis and based on the above findings and considerations, we investigated whether *P. aeruginosa* proteases can form C-terminal-derived bioactive peptides from thrombin.

Here we show that *P. aeruginosa* elastase cleaves a C-terminal-derived peptide from thrombin, designated FYT21, which inhibits activation of the transcription factors nuclear factor (NF)κB and activator protein 1 (AP-1), and the subsequent release of pro-inflammatory cytokines in response to LPS *in vitro* and *in vivo*. *In vivo* imaging demonstrated that the production of reactive oxygen species in response to LPS is reduced by FYT21 as well. Fluorescence-activated cell sorting (FACS), slot blot assays and electron microscopy studies showed that FYT21 binds both to LPS and cell membranes thereby preventing receptor dimerization and activation. The actions of FYT21 are not specific to LPS, as the peptide also inhibits NFκB/AP-1 activation in response to lipoteichoic acid (LTA), zymosan A, oligonucleotides (ODNs) and the cytokine tumor necrosis factor (TNF)-α. In agreement, FYT21 inhibits cytokine release and NFκB/AP-1 activation in response to bacterial conditioned medium. Moreover, *P. aeruginosa* elastase reduces inflammatory cytokine production *in vivo*, showing a proof of principle that the bacterial enzyme indeed reduces pro-inflammatory responses under physiological conditions. Finally, FYT21 is present in chronic wound fluids and on leukocytes derived therefrom.

Taken together, the observation that *P. aeruginosa* can degrade an abundant host protein thereby leading to the release of a peptide that dampens inflammation illustrates a novel concept of pathogen--host interactions, where mimicking an endogenous anti-inflammatory mechanism may aid these bacteria in evading host responses.

Results
=======

Isolation of thrombin-derived C-terminal peptides
-------------------------------------------------

To investigate whether *P. aeruginosa* proteases cleave human thrombin, we incubated thrombin with conditioned medium (CM) from various protease producing and non-producing strains for 1 h at 37 °C, ran the digest on a Tris-Tricine gel and used it for western blotting. The results showed that CM of strains PAO1, 3.1, 15159 and 10.5 (numbers 1--4), producing the metalloprotease elastase, cleaved thrombin, thereby releasing a C-terminal peptide of \<4 kDa ([Fig. 1a](#f1){ref-type="fig"}, arrow), which is comparable in size to the thrombin-derived peptide HVF18, formed by human neutrophil elastase[@b14]. A similar time-dependent cleavage pattern was obtained with purified *P. aeruginosa* elastase ([Fig. 1b](#f1){ref-type="fig"}).

Combined analysis using SDS--polyacrylamide gel electrophoresis (PAGE) of thrombin digested with *P. aeruginosa* elastase ([Fig. 1c](#f1){ref-type="fig"}), N-terminal sequencing of the bands ([Fig. 1c](#f1){ref-type="fig"}), high performance liquid chromatography (HPLC) of thrombin digested with elastase ([Fig. 1d](#f1){ref-type="fig"}), and LC--MS/MS with fractions containing C-terminal thrombin peptides ([Fig. 1e](#f1){ref-type="fig"}) identified the peptide FYT**HVFRLKKWIQKVIDQFGE** (FYT21). Interestingly, FYT21 has the same positive charge as the three amino acids shorter HVF18 (shown in bold letters in the above sequence). [Figure 1f](#f1){ref-type="fig"} shows 2D and 3D representations of thrombin with the cleavage sites of *P. aeruginosa* elastase being coloured. The sequences TFGSG and IVEGS represent the N termini of the light and heavy chains, respectively. Notably, all cleavage sites are located in exposed regions of the thrombin molecule, except for the N-terminal cleavage site of the FYT21 sequence.

FYT21 inhibits NFκB/AP-1 activation
-----------------------------------

To investigate possible actions of FYT21, the peptide was synthesized and compared with HVF18 using various assays. As a prelude to further analyses on eukaryotic cells, haemolysis assays were performed using either 25% whole blood or 0.5% erythrocyte solution (the latter representing the conditions in cell cultures). Whereas FYT21 did not significantly lyse erythrocytes in whole blood ([Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}), more than 10% lysis was observed in the 0.5% solution when using 20 μM or more ([Supplementary Fig. 1b](#S1){ref-type="supplementary-material"}). HVF18 did not induce haemolysis ([Supplementary Fig. 1c](#S1){ref-type="supplementary-material"}). Analysis of FYT21-induced LDH release by THP1 cells confirmed the above concentrations ([Supplementary Fig. 1d](#S1){ref-type="supplementary-material"}). Based upon these results, FYT21 was used at concentrations up to 10 μM and HVF18 up to 40 μM.

To investigate the effect of FYT21 on pro-inflammatory responses, 25% fresh venous human blood was incubated with FYT21 or HVF18 and simultaneously stimulated with LPS for 20 h. We found that FYT21 efficiently reduced TNF-α, IL-12p40 and IL-6 levels ([Fig. 2a](#f2){ref-type="fig"}), whereas four times higher concentrations were needed for reduction of these cytokines with HVF18 ([Fig. 2b](#f2){ref-type="fig"}). These results can be explained by our observation that both peptides dose dependently inhibited NFκB/AP-1 activation in response to various concentrations of LPS ([Fig. 2c](#f2){ref-type="fig"}). Moreover, inhibition was increased by preincubation of the cells with FYT21 or HVF18 for 1 h before stimulation with LPS, but reduced when the cells were first stimulated with LPS for 1 h and then incubated with the peptides ([Supplementary Fig. 1e,f](#S1){ref-type="supplementary-material"}). To investigate whether FYT21 exerts its effect by scavenging of LPS in the medium or by direct cell interactions, THP1 cells were incubated for 1 h with FYT21, washed with warm medium to remove unbound peptide, and then stimulated with LPS. As shown in [Fig. 2d](#f2){ref-type="fig"}, removing unbound peptide still resulted in decreased NFκB/AP-1 activation by LPS, indicating that FYT21 binds to the cells. However, the effect was not as substantial as in conditions were unbound peptide remained present. Furthermore, the removed unbound peptide was capable of inhibiting the NFκB/AP-1 response when the FYT21-containing medium was transferred to naive cells followed immediately by LPS stimulation. Together, these results indicate that the peptide binds both LPS and eukaryotic cells.

FYT21 binds to LPS and cell membranes
-------------------------------------

To assess the interaction between FYT21 and LPS, the peptides were blotted on a membrane and incubated with radiolabelled LPS. We found that both FYT21 and HVF18 bound to LPS ([Fig. 3a](#f3){ref-type="fig"}). To investigate the interaction between FYT21 and monocytes, THP1 cells were incubated with TAMRA-labelled FYT21 and binding was measured using flow cytometry. The results showed that FYT21 dose ([Fig. 3b](#f3){ref-type="fig"}) and time ([Fig. 3c](#f3){ref-type="fig"}) dependently bound to THP1 cells at 37 °C, whereas no binding was observed at 4 °C ([Fig. 3d](#f3){ref-type="fig"}). Furthermore, we found that the amount of peptide associated with the cells remained constant for at least 2 h after removal of unbound peptide ([Fig. 3e](#f3){ref-type="fig"}). Binding of 10 μM FYT21 to the cell membrane was twice as high (median fluorescence intensity (MFI) of 108±9.3 versus 58.3±6.8) in the absence of 10% heat-inactivated fetal bovine serum ([Supplementary Fig. 2a,b](#S1){ref-type="supplementary-material"}), indicating that serum components may bind to the peptide as well. The presence of LPS did not significantly alter the binding ([Supplementary Fig. 2a,b](#S1){ref-type="supplementary-material"}). Notably, control experiments showed that 10 μM of TAMRA-labelled peptide was capable of significantly inhibiting NFκB/AP-1 activation from 1.03±0.06 to 0.16±0.13 (*n*=3), indicating that the label did not interfere with the peptide\'s activity.

To further investigate cell binding, THP1 cells were treated with trypsin or phosphatidylinositol-specific phospholipase C. The results showed that trypsin dose dependently decreased the binding of FYT21 with maximally 55% when using 10 μg ml^−1^, whereas phospholipase C (1 U ml^−1^) did not alter the binding ([Supplementary Fig. 2c,d](#S1){ref-type="supplementary-material"}). CD14 expression was decreased with 35% after phospholipase C treatment, indicating that FYT21 binding to monocytes is not primarily dependent on the amount of cell-associated CD14.

To investigate whether peptide binding is monocyte specific, whole blood was incubated with TAMRA-FYT21 for 20 min and binding to cells was assessed. We found an equal percentage of peptide-containing monocytes, neutrophils and lymphocytes, although the MFI for monocytes was highest ([Fig. 3f](#f3){ref-type="fig"}). Moreover, FYT21 also bound to platelets ([Supplementary Fig. 2e](#S1){ref-type="supplementary-material"}). Together, these results suggest that FYT21 binds to a common cell membrane structure, although cell-specific receptor interactions cannot be excluded.

FYT21 inhibits TLR4 activation by LPS
-------------------------------------

To investigate whether FYT21 influences the expression of LPS-binding receptors on the cell membrane, THP1 cells were incubated overnight with FYT21 at various concentrations in the presence and absence of 100 ng ml^−1^ of LPS, washed, stained with antibodies against TLR2 (CD282), TLR4 (CD284) and CD14, and finally receptor expression was measured on a FACSCalibur. The results showed that FYT21 did not affect the expression of TLR4 in the absence of LPS whereas the expression of CD14 and TLR2 was slightly enhanced ([Fig. 4a](#f4){ref-type="fig"}). In the presence of LPS, TLR2 and TLR4 expression were significantly increased by FYT21 ([Fig. 4b](#f4){ref-type="fig"}). Interestingly, LPS itself decreased the TLR4 expression, as compared with non-stimulated cells (described previously as LPS tolerance[@b21]), whereas FYT21 attenuated this decrease, indicating that the receptors did not get activated. Using an antibody that specifically recognizes TLR4/MD-2 complexes that are not bound to LPS, we confirmed with RAW macrophages that LPS loses its ability to bind and activate TLR4 complexes in the presence of FYT21 ([Fig. 4c](#f4){ref-type="fig"}). LPS (1 μg ml^−1^) decreased the MFI to 29.3±2.1%, as compared with non-stimulated cells (100%), while the addition of 10 μM FYT21 increased the MFI to 67.5±8.7%. FYT21 alone did not alter the MFI values. In agreement with the results described for NFκB/AP-1 activation, stimulating the cells with LPS for 30 min before addition of the peptide did not induce a significant difference compared with LPS alone ([Supplementary Fig. 3a](#S1){ref-type="supplementary-material"}). In contrast, addition of FYT21 30 min before stimulation with LPS recovered the MFI to 71.8±3.8% ([Supplementary Fig. 3b](#S1){ref-type="supplementary-material"}), while preincubation of peptide and LPS further recovered the MFI to 77±9.9% ([Supplementary Fig. 3c](#S1){ref-type="supplementary-material"}). The known LPS-binder polymyxin B (50 μg ml^−1^) was used as a control and showed a similar action as FYT21.

To visualize this interaction, THP1 cells were incubated with LPS, 10 μM FYT21 or combinations hereof for 30--60 min, and subsequently cells were fixed and processed for electron microscopy. Using antibodies against TLR4, LPS and FYT21, we observed monomers of TLR4 in the absence ([Fig. 4d-I](#f4){ref-type="fig"}), and dimers in the presence of LPS ([Fig. 4d-II](#f4){ref-type="fig"}), while FYT21 bound the membrane but did not induce TLR4 dimerization ([Fig. 4d-III](#f4){ref-type="fig"}). Preincubating the cells for 30 min with FYT21, before addition of LPS, inhibited dimerization ([Fig. 4d-IV](#f4){ref-type="fig"}), whereas FYT21 could not prevent dimerization and internalization when the cells were pretreated with LPS, although the peptide did bind to the LPS--TLR4 complex ([Fig. 4d-V](#f4){ref-type="fig"}). Finally, when LPS and FYT21 were added simultaneously to the cells LPS primarily bound to the peptide ([Fig. 4d-VI](#f4){ref-type="fig"}). Taken together, the results from these *in vitro* studies show that FYT21 binds to LPS in culture medium and on cell membranes thereby scavenging LPS away from its receptor thus preventing receptor activation.

Clinical relevance of FYT21\'s activity
---------------------------------------

To explore whether FYT21 is present during infection, human venous whole blood, incubated with 10% CM of 15159, or wound fluids from five patients with non-healing venous ulcers, chronically colonized with *P. aeruginosa*, were analysed by western blot using antibodies against the C-terminal part of thrombin. We detected bands similar in size to those observed after digestion of purified thrombin with *P. aeruginosa* elastase ([Fig. 1b](#f1){ref-type="fig"}) in both whole blood ([Supplementary Fig. 4a](#S1){ref-type="supplementary-material"}) and wound fluids ([Fig. 5a](#f5){ref-type="fig"}), indicating that FYT21, or FYT21-related peptides, are indeed released during infection. Furthermore, electron microscopy of fibrin slough collected from such a wound showed the presence of thrombin-derived C-terminal epitopes both on a leukocyte cell membrane and the surrounding fibrin ([Fig. 5b](#f5){ref-type="fig"}).

To further characterize these peptides, we incubated plasma after centrifugation of the blood samples from above (4 and 6 h time points) with VFR17 antibody-coated dynabeads and the bound peptides, comprising the C-terminal part of thrombin, were eluted and analysed using mass spectrometry. The results showed that both FYT21 and HVF18 were present in the whole-blood sample ([Supplementary Fig. 4b](#S1){ref-type="supplementary-material"}), although the latter with less intensity, indicating that *P. aeruginosa* elastase and to a lesser extend neutrophil elastase contributed to the formation of C-terminal thrombin peptides.

Next, a wound fluid and a wound dressing extract (from different patients with *P. aeruginosa* infected non-healing ulcers) were incubated with VFR17 antibody-coated dynabeads and processed as described above. The results showed that FYT21 was indeed present in both patient samples; HVF18 was present in one of the patient samples, but with less intensity than FYT21. [Figure 5c](#f5){ref-type="fig"} shows a representative LC--MS/MS chromatogram of the wound dressing extract (depicted in black). The reversed-phase gradient separated HVF18 and FYT21, eluting at 54 and 59 min, respectively. The Orbitrap mass spectra of the triple-charged HVF18 peptide (*m*/*z* 757.7625) and the quadruple-charged FYT21 peptide (*m*/*z* 671.3670) enabled mass determination of both peptides with high accuracy; the isotopic distribution of both peptides is depicted in grey. The identity of the peptides was further confirmed by database search of the MS/MS experiments. The assigned fragmentation pattern of HVF18 is shown in red, whereas the FYT21 pattern is already shown in [Fig. 1e](#f1){ref-type="fig"}. Together, these results conclusively demonstrate that the C-terminal peptide FYT21 is present in wounds chronically colonised by *P. aeruginosa*.

Next we investigated whether dermatan sulphate, a commonly found glycosaminoglycan in wounds[@b22], could inhibit FYT21\'s actions. We found that concentrations of 50 μg ml^−1^ and higher significantly inhibited cell binding and NFκB/AP-1 inhibitory activity of the peptide ([Supplementary Fig. 5a,b](#S1){ref-type="supplementary-material"}). However, as the mean concentration of glycosaminoglycans in wound fluids is around 20 μg ml^−1^ (0--40 μg ml^−1^)[@b23], we assume that under physiological conditions, the immunomodulatory activity of FYT21 will not be affected significantly.

Finally, we explored the *in vivo* activity of FYT21. Balb/c mice were injected intraperitoneally (i.p.) with 1 mg kg^−1^ of LPS, followed by injection of 500 μg of FYT21 after 30 min, and subsequent blood collection for cytokine analysis after another 210 min. The 4 h time frame was based on initial time-response experiments ([Supplementary Fig. 6a](#S1){ref-type="supplementary-material"}), where some cytokine levels were highest 2 h after injection with LPS whereas others were higher after 6 h. The results showed that FYT21 significantly reduced TNF, MCP-1, IL-12p70 and IFN-γ release, whereas the levels of the anti-inflammatory cytokine IL-10 were increased ([Fig. 5d](#f5){ref-type="fig"}), confirming the *in vitro* observed inhibition of pro-inflammatory responses. FYT21 itself did not induce alterations in cytokine release. In addition, FACS analyses of intraperitoneal cells, collected after injection of mice with TAMRA-FYT21, showed binding of the peptide to the different cell populations, both in the presence and absence of LPS ([Supplementary Fig. 6b](#S1){ref-type="supplementary-material"}). To further explore the *in vivo* actions of FYT21, we used the luminescent reactive oxygen species probe L-012. In agreement with a previous report[@b24], we found that subcutaneous (s.c.) injection of the probe, as compared to intraperitoneal or intravenous injection, gave the most stable signal ([Supplementary Fig. 6c](#S1){ref-type="supplementary-material"}). Notably, 1 mg kg^−1^ of LPS did not give reproducible results ([Supplementary Fig. 6d](#S1){ref-type="supplementary-material"}) but 5 mg kg^−1^ did ([Supplementary Fig. 6e](#S1){ref-type="supplementary-material"}). The signal strength induced by 5 mg kg^−1^ of LPS was relatively steady 10 to 18 min after injection of the probe. Based upon these results, 12 min was used to test the effect of FYT21. Using the same experimental set up as used for the cytokine analysis, the results showed that FYT21 was capable of reducing ROS production induced with 5 mg kg^−1^ of LPS ([Fig. 5e,f](#f5){ref-type="fig"}). Notably, already 2 h after the start of the experiment FYT21 showed reduced ROS activity, as compared with LPS ([Fig. 5f](#f5){ref-type="fig"}). Taken together, these results show that FYT21 is released in non-healing *P. aeruginosa* infected wounds and that this peptide can repress inflammation *in vivo* by decreasing the release of pro-inflammatory cytokines and reactive oxygen species.

FYT21 inhibits cell activation by various TLR agonists
------------------------------------------------------

To determine whether inhibition of pro-inflammation by FYT21 is specific for stimulation with *P. aeruginosa* LPS, we assessed the effect of FYT21 on NFκB/AP-1 activation by various pathogen-associated molecular patterns. The results showed that FYT21 inhibited cell activation induced by different types of LPS and zymosan A, and to a lesser extent that induced by LTA ([Fig. 6a](#f6){ref-type="fig"}), indicating that inhibition by FYT21 is not LPS or receptor specific. The response towards flagellin was not reduced by the peptide. In agreement with the above *in vitro* findings for LPS, preincubation of peptide and stimuli for 1 h induced the largest inhibition, suggesting the presence of a peptide--agonist interaction. In addition, FYT21 inhibited ODN-induced NFκB/AP-1 activation of RAW reporter cells ([Fig. 6b](#f6){ref-type="fig"}). In agreement with the above data, FYT21 inhibited NFκB/AP-1 activation by 0.1% bacterial-derived conditioned medium ([Fig. 6c](#f6){ref-type="fig"}) as well as the production of TNF-α and IL-12p40 in human whole blood ([Fig. 6d](#f6){ref-type="fig"}). Finally, we found that FYT21 its actions are not limited to PAMPs as the peptide was also capable of inhibiting NFκB/AP-1 activation by recombinant TNF-α (1--100 ng ml^−1^) with ∼30% ([Fig. 6e](#f6){ref-type="fig"}).

As FYT21 is released by *P. aeruginosa* elastase, we finally investigated whether the purified enzyme could induce inhibition of pro-inflammatory activities *in vivo*. For this purpose Balb/c mice were injected s.c. with 100 μl of conditioned medium from the elastase-deficient PAOB1 strain supplemented with 3 units of *P. aeruginosa* elastase or 10 mM Tris as a control, and subsequently blood was collected for cytokine analysis after 4 h. The results showed that elastase significantly reduced TNF, MCP-1 and IL-6 levels ([Fig. 6f](#f6){ref-type="fig"}) whereas IL-12p70 and IFN-γ were below detection limit (2 pg ml^−1^). The level of anti-inflammatory cytokine IL-10 was not significantly affected (mean±s.e.m. of 21.46±2.25 versus 18.07±2.35 pg ml^−1^).

Taken together, FYT21 inhibits stimulation of THP1 cells and whole blood by various TLR agonists, bacterial conditioned medium containing a large variety of virulence factors and PAMPs, and the pro-inflammatory cytokine TNF-α. Moreover, *P. aeruginosa* elastase reduced inflammatory cytokine production *in vivo*, showing a proof of principle that the bacterial enzyme indeed reduces pro-inflammatory responses under physiological conditions.

Effect of FYT21 on bacterial survival
-------------------------------------

As HVF18 is reported to exert antimicrobial activity *in vitro*, we investigated whether thrombin degradation by *P. aeruginosa* elastase also induces antimicrobial activity. Using a bacterial overlay assay, we indeed found that FYT21 shows antimicrobial activity against *E. coli* ([Fig. 7a](#f7){ref-type="fig"}). Next we investigated the physiological relevance of the observed antimicrobial activity using various buffer conditions. Although both FYT21 and HVF18 were antimicrobial against Gram-positive and Gram-negative bacteria in Tris buffer supplemented with 5 mM glucose ([Fig. 7b](#f7){ref-type="fig"}), the addition of 0.15 M NaCl attenuated this effect in most conditions, as did further addition of 10% citrated plasma. Moreover, antimicrobial activity of the peptides (at doses up to 80 μM) in 25% whole blood was abrogated ([Fig. 7c](#f7){ref-type="fig"}). Interestingly, electron microscopy showed that thrombin-derived C-terminal peptides bind to bacterial membranes when incubated in plasma, acute wound fluid or chronic wound fluid ([Fig. 7d](#f7){ref-type="fig"}). Taken together, these results underscore the importance of FYT21\'s immunomodulatory effects vis-à-vis its direct bactericidal effects *in vivo*, assuming physiological concentrations as those reported for thrombin (∼1.4 μM)[@b25].

Discussion
==========

*P. aeruginosa* is a Gram-negative opportunistic pathogen known for its immune evasive abilities. In the present work, we describe a novel concept, where bacteria mimic an endogenous anti-inflammatory peptide-based mechanism to suppress host responses. Our main finding is that *P. aeruginosa* elastase cleaves the coagulation protein thrombin, thereby releasing a C-terminal-derived peptide that binds to pathogen-associated molecular patterns such as LPS, thus preventing cell activation and subsequent pro-inflammatory responses. This conclusion is based on the following observations. First of all, using two independent methods we identified a 21 amino acid long cationic C-terminal peptide, designated FYT21, released after digestion of thrombin with *P. aeruginosa* elastase. Our results showed that synthetically produced FYT21 was capable of inhibiting pro-inflammatory cytokine release and NFκB/AP-1 activation in response to LPS, but also to other *P. aeruginosa*-associated PAMPs (that is, ODNs) and non-associated PAMPs (that is, *E. coli* LPS, zymosan, LTA), as well as the cytokine TNF-α. The response towards flagellin was not inhibited. However, alkaline protease produced by *P. aeruginosa* can degrade monomeric flagellin[@b26] thereby preventing recognition via TLR5. In agreement, FYT21 also inhibited NFκB/AP-1 activation and cytokine release in response to conditioned medium from several *P. aeruginosa* strains, which contains many different PAMPS and virulence factors including flagellin. The *in vitro* activity of FYT21 was confirmed *in vivo* by cytokine analyses and employing *in vivo* imaging of ROS production. Moreover, *P. aeruginosa* elastase itself reduced inflammatory cytokine production *in vivo*, showing a proof of principle that this enzyme indeed reduces pro-inflammatory responses under physiological conditions. Finally, we show the mode of action of this peptide during LPS stimulation. We discovered that FYT21 binds to LPS in solution as well as on cell membranes, thereby acting as a scavenger preventing TLR4 dimerization and subsequent cell activation.

Of particular clinical relevance is the finding that FYT21 is present in infected chronic wounds and is bound to leukocytes and fibrin. Although the concentrations of thrombin-derived peptides in chronic wounds are unknown, based on the concentration of prothrombin in plasma (1.4 μM (ref. [@b25])) and the fact that large amounts of exudate are deposited in chronic wounds, we consider the concentrations of peptide used in our studies of physiological relevance. Our *in vivo* data further underscore the anti-inflammatory role of FYT21. *In vitro* a FYT:LPS ratio of around 25:1 (w/w) was required to significantly reduce the LPS-induced pro-inflammatory cytokine release. The same ratio was successfully used *in vivo* but LPS was injected 30 min before FYT21 instead of given simultaneously, while the former method was shown to be much less effective in inhibiting NFκB/AP-1 activity *in vitro*. In this context, inhibition of TLR agonist-induced NFκB/AP-1 activation was paramount when agonist and FYT21 were preincubated. Since all affected agonists are negatively charged, it may be hypothesized that electrostatic interactions seem to play a pivotal role in their interaction with the cationic FYT21. In agreement, FYT21 was capable of binding all tested cell types in whole blood and intraperitoneal washes, as well as bacteria indicating similar interactions with negatively charged cell membranes. However, monocytes had a significant higher amount of bound peptide than the similar sized neutrophils. Therefore, we cannot exclude additional specific membrane or protein interactions.

From a structural viewpoint, it is interesting that FYT21\'s structure is comparable to that of many helical antimicrobial peptides/HDPs and cell-penetrating peptides[@b27][@b28]. Furthermore, previous structure-activity work, aimed at defining host defence epitopes of a prototypic 25mer peptide (GKY25) of the C-terminal region of thrombin, shown to execute anti-inflammatory effects *in vitro* and *in vivo*[@b14][@b15], demonstrated that a central 'core\' containing a conserved WI motif surrounded by cationic residues is important for the peptide\'s antimicrobial activity[@b29]. Furthermore, the observation that an internal fragment of GKY25 of 12 amino acids (VFRLKKWIQKVI) bound LPS but showed no anti-endotoxic effects upon macrophage stimulation, indicated length-dependent interactions influenced by helix formation of these peptides. In agreement with these results, we observed that the shorter HVF18 was less potent than FYT21. From a host perspective, these results thus demonstrate that host defence sequences are encoded in larger proteins, and can be released upon proteolytic activation. It is interesting that *P. aeruginosa* by its production of elastase exploits this mechanism, releasing peptides which contain such biophysically governed host defence motifs. As the formation of an antimicrobial peptide would clearly be disadvantageous for *P. aeruginosa*, we investigated the importance of FYT21\'s bactericidal effects *in vivo*. Indeed while FYT21 was capable of killing *P. aeruginosa* and several other types of bacteria in buffer conditions *in vitro*, mimicking physiological conditions using plasma reduced this activity, while the presence of whole blood abrogated the bactericidal effects, underscoring the importance of the immunomodulatory effects for this peptide\'s action *in vivo.*

From an evolutionary perspective, it is not surprising that bacteria have evolved ways of mimicking the formation of HDPs. Clearly, *P. aeruginosa* produces many different proteases that are capable of cleaving numerous host proteins, thereby making it likely that other peptides, with novel functions may be released as well. It may be argued that *P. aeruginosa*, believed to be mainly present in soil, water, decomposing organic materials but also found in the intestinal flora[@b30], obviously does not have a need for evolving enzymes that lead to release of bioactive peptides in a human host. However, recent evidence, demonstrates that *P. aeruginosa* is also highly abundant in human as well as murine skin[@b31][@b32], indicating that the pool of bacteria interacting with humans and other animal species is bigger than considered previously. This observation, together with the fact that the C terminus of thrombin is highly conserved during evolution[@b14][@b33] ([Supplementary Fig. 7](#S1){ref-type="supplementary-material"}), opens up possibilities for the presence of evolutionary pressure based on host--pathogen interactions and involving manipulation of host defence. In line with this reasoning are also recent findings suggesting that *P. aeruginosa* undergoes a significant convergent evolution in cystic fibrosis patients[@b34]. *P. aeruginosa* elastase belongs to a superfamily of zinc-containing metallopeptidases of the M4 (thermolysin) class, also secreted from bacteria such as *Enterococcus faecalis* (coccolysin) and *Staphylococcus aureus* (aureolysin)[@b35], bacteria very common in chronic wounds[@b36]. Hence, it is tempting to speculate that formation of anti-inflammatory HDPs is not specific for *P. aeruginosa*, but may constitute a more common mechanism by which bacteria evade and modulate host immune responses.

Methods
=======

Ethics statement
----------------

The use of human wound material was approved by the Ethics Committee at Lund University (LU 708-01 and LU 509-01). Written informed consent was obtained from the participants. The animal models were approved by the Laboratory Animal Ethics Committee of Malmö/Lund (permit numbers M252-11 and M226-12) and experiments were conducted according to the guidelines of the Swedish Animal Welfare Act SFS 1988:534.

Peptides and proteins
---------------------

Prothrombin and human α-thrombin were obtained from Innovative Research, Inc, USA. The thrombin-derived C-terminal peptides HVF18 (HVFRLKKWIQKVIDQFGE), FYT21 (FYTHVFRLKKWIQKVIDQFGE) and TAMRA-labelled (at the N terminus) FYT21 were synthesized by Biopeptide Co, Inc., USA. The purity and molecular weight of these peptides were confirmed by MS analysis.

*P. aeruginosa* elastase was a kind gift of Dr H. Maeda, Kumamoto University, Japan. One unit of elastase is defined as the amount of enzyme capable of digesting 1 mg azocasein (Sigma-Aldrich, USA) per hour at 37 °C. In all assays, digestion was performed using 4 milli-units (mU) of elastase per μg thrombin.

Biological materials
--------------------

Wound fluids from patients with non-healing venous ulcers chronically colonised with *P. aeruginosa* were collected under a Tegaderm dressing for 2 h as described previously[@b37]. Wound fluids were centrifuged and stored at −20 °C. Wound dressing extracts of such patients were obtained using wound dressing material (polyurethane) that had been placed on the wound for 3--4 days. A length of 1 cm^2^ of dressing was transferred to a 2 ml tube containing 300 μl 10 mM Tris buffer (pH 7.4) and 200 μl of 1.4 mm ceramic beads (MO BIO Laboratories, Inc, USA) and the sample was homogenized in four repeats of 15 s at 7,000 r.p.m. using a MagNA Lyser (Roche Diagnostics GmbH, Germany). Next, the dressing extract was collected after centrifugation for 5 min at 4,000*g* followed by heat treatment for 10 min at 95 °C and subsequent storage at 4 °C. Fibrin slough was collected using a sterile spatula and fixed immediately for electron microscopy.

Bacterial strains and growth conditions
---------------------------------------

*P. aeruginosa* PAO1 and PAOB1 (ref. [@b38]) (kindly provided by B. Iglewski) and clinical strains 15159, 3.1, 10.5 and 14.1, *Escherichia coli* 25922, *S. aureus* 8325-4 and *Staphylococcus epidermidis* 14990 were grown in Todd-Hewitt medium at 37 °C under vigorous shaking. To obtain CM, bacteria grown for 24 h were centrifuged at 5,000*g* for 15 min and the culture media were sterilized through a 0.22 μm filter.

Acid-urea gel electrophoresis
-----------------------------

Acid-urea gels (AU-PAGE; 12.5%) were prepared as described[@b39]. Ten microgram of human α-thrombin in 10 mM Tris buffer (pH 7.4) was incubated with *P. aeruginosa* elastase for 1 h at 37 °C and then mixed with sample buffer (9 M urea in 5% acetic acid) in a 2:1 ratio. Next, samples were transferred to the slots and gels were run in duplicate in 5% acetic acid for 90--120 min at 100 V using reversed polarity. Thereafter, one gel was stained with Coomassie Brilliant blue R250 (Imperial Chemical Industries PLC, Merck, Germany) whereas the other was used in the overlay assay.

SDS-gel electrophoresis
-----------------------

Human α-thrombin (4--8 μg) in 10 mM Tris buffer (pH 7.4) was incubated with *P. aeruginosa* elastase or 10% CM for various time intervals at 37 °C. Next, samples were denatured at 95 °C for 5 min in 1 × reducing SDS sample buffer followed by separation on 10--20% Tris-Tricine mini gels in 1 × Tris-Tricine SDS running buffer for 75 min at 125 V. Gels and buffers were derived from Invitrogen (USA). Gels were stained with Coomassie Brilliant blue and patterns were visualized using a Gel Doc Imager (Bio-Rad Laboratories, USA).

Western blot
------------

After SDS-gel electrophoresis, gels were equilibrated in 1 × Tris-Glycine SDS transfer buffer (Invitrogen) for 5--10 min, assembled in transfer cassettes and placed in a Criterion blotter (Bio-Rad) all according to manufacturer\'s instructions; the transfer was performed at 100 V for 60 min. Subsequently, the nitrocellulose membrane (Hybond-C, Amersham BioSciences, UK) was rinsed in H~2~O, blocked (5% non-fat dry milk in PBS containing 0.05% Tween-20) for 60 min at RT while shaking, and incubated overnight at 2--8 °C with polyclonal rabbit anti-human antibodies against the C-terminal thrombin peptide VFR17 (VFRLKKWIQKVIDQFGE; Innovagen AB, Sweden). Next, the membrane was washed thrice in PBS supplemented with 0.05% Tween-20 and incubated with swine anti-rabbit immunoglobulin---HRP conjugated antibodies (DAKO A/S, Denmark) for 60 min at room temperature. Finally, the membrane was washed, developed with SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific, Denmark) for 5 min and visualized using a ChemiDoc XRS Imager (Bio-Rad).

N-terminal sequencing
---------------------

Human α-thrombin (30 μg) was digested with *P. aeruginosa* elastase for 1 h, separated on a 10--20% Tris-Tricine gel, blotted onto an Immobilon-pSQ transfer membrane (Millipore, USA) and stained with Coomassie Brilliant blue. The different peptide bands were marked out and sent for N-terminal sequencing to Karolinska Institute HEJ-Analyser (Sweden).

HPLC
----

Human α-thrombin (300 μg) was digested with *P. aeruginosa* elastase for 1 h and then injected into a HPLC system (PerkinElmer Series 200; PerkinElmer, USA) equipped with a Vydac 218TP C18 (5 μm, 4.6 mm × 250 mm) reverse phase column (Grace Discovery Sciences, USA). The mobile phases consisted of (A) 0.05% trifluroacetic acid in H~2~O and (B) 0.05% trifluroacetic acid in acetonitrile. A 70 min linear gradient from 5 to 95% B was applied at a flow rate of 1 ml min^−1^. Next, 60 fractions of 1 ml were collected, freeze-dried, solubilized in 25 μl H~2~O and used in further experiments.

Orbitrap mass spectrometry
--------------------------

Samples were acidified and analysed by online nanoflow liquid chromatography tandem mass spectrometry (LC−MS/MS). LC−MS/MS-experiments were performed on an Acclaim PepMap EASY-nLC system (Thermo Scientific) connected to a LTQ Orbitrap Velos Pro (Thermo Scientific) through a nanoelectrospray ion source. Peptides were loaded by an autosampler, using the intelligent flow control mode, onto an Acclaim PepMap EASY-column (2 cm, 75 μm inner diameter) packed with reversed-phase C18 5 μm particles (Thermo Scientific). The flow rate was reduced to maximum 300 nl min^−1^ and the peptides were separated on a PepMap EASY-column (10 cm long, 75 μm inner diameter) packed with reversed-phase C18 3 μm particles using a linear ACN gradient from 2 to 35% in 0.1% formic acid for 60 min followed by a linear increase to 98% ACN over 5 min. The LTQ Orbitrap Velos Pro instrument was operated in the data dependent mode to automatically switch between full scan MS and MS/MS acquisition. Survey full scan MS spectra (*m*/*z* 350−1,800) were acquired in the Orbitrap with 60,000 resolution after accumulation of ions to a 1 × 10^6^ target value based on predictive AGC from the previous full scan. Dynamic exclusion was set to 30 s and MS/MS acquisition was performed in FT mode with a resolution of 7,500. Typical targeted parameters included an isolation width of two bracketed around the *m*/*z* of interest, fragmentation time of 10 ms, normalized collision energy of 35, spray voltage of 2.0 kV, and capillary temperature at 275 °C. Raw data were processed by Mascot distiller and MGF files were created and searched against Swiss-Prot database (release of 03-march-2011, containing 515,203 entries) on an in-house Mascot database (version 2.3.02). No enzyme was used and oxidized methionine was searched as variable modifications.

Detection of FYT21
------------------

Dynabeads M-280 sheep anti-rabbit IgG (Novex Life Technologies) were used according to manufacturer\'s instructions, In short, 100 μl beads in washing buffer and 100 μl VFR17 antibody were incubated overnight at 4 °C while rotating at 7 r.p.m. Next, the beads were washed, incubated for 1 h at room temperature while rotating at 7 r.p.m. with 100 μl plasma derived from whole blood incubated with 10% CM, chronic wound fluid or wound dressing extract, and washed again in washing buffer and subsequently in 10 mM Tris buffer (pH 7.4). Next, thrombin-derived C-terminal peptides were eluted off the beads in 2 steps of 40 μl each using 0.1 M citrate (pH 2.2). Analyses of the eluate was performed on the Orbitrap system described above using a linear ACN gradient from 5 to 25% in 0.1% formic acid for 60 min followed by a linear increase to 45% ACN over 30 min, and finally an increase to 100% over 5 min.

Slot blot assay
---------------

Peptides were bound to nitrocellulose membranes pre-soaked in PBS. Next, membranes were blocked (2% w/v BSA in PBS, pH 7.4) for 1 h at room temperature followed by incubation with ^125^I-labelled LPS (5 × 10^5^ c.p.m. per ml)[@b40] for 1 h. Membranes were washed three times 10 min in PBS and radioactivity was visualized using a Bas 2000 radio imaging system (Fuji, Japan).

Overlay assay
-------------

Bacteria in mid-log phase were centrifuged at 2,000*g* for 10 min and washed with 10 mM Tris pH 7.4. Next, 4 × 10^6^ CFU were dispersed in 15 ml of underlay agarose gel consisting of 1% (w/v) low electroendosmosis type (EEO) agarose (Sigma-Aldrich), 0.03% (w/v) TSB and 0.02% (v/v) Tween-20 in 10 mM Tris HCl buffer pH 7.4 at 42 °C. Subsequently, the agar was poured into Petri dishes (144 mm in diameter) and solidified. Acid-urea gels were prepared as described above. Next, gels were washed thrice with 100 ml of sterile 10 mM Tris (pH 7.4) for 4 min and placed on top of the agar. After 3 h incubation at 37 °C, gels were removed and stained with Coomassie Brilliant blue. In parallel, 15 ml of overlay agar (6% TSB and 1% low-EEO agarose) was poured on top of the bacterial underlay. After overnight incubation at 37 °C, plates were fixed for 3 h in 5% acetic acid using gentle agitation followed by staining with Commassie brilliant blue.

*In vitro* killing
------------------

Bacteria in mid-log phase were centrifuged at 3,000*g* for 10 min, washed twice in PBS and suspended in 10 mM Tris (pH 7.4) supplemented with 5 mM glucose, with or without 0.15 M NaCl and 10% human citrate plasma, or in RPMI-1640 (Gibco Life Technologies ltd, UK) to a concentration of 2 × 10^6^ c.f.u. per ml. Subsequently, 50 μl of the bacterial suspension was transferred to Eppendorf tubes containing a range of peptide (0--80 μM) in 50 μl of the same buffer or in equal parts of venous blood and RPMI-1640. After 2 h incubation, the number of surviving bacteria was determined microbiologically using serial dilutions of these suspensions plated in six-fold onto agar plates.

Haemolysis assay
----------------

Fresh venous blood from healthy donors, collected in the presence of the anti-coagulant lepirudin (50 μg ml^−1^), was centrifuged at 250*g* and the pellet was washed three times with PBS. Next, the pellet was diluted 100 times and 100 μl of this solution was transferred to each well of a 96-wells plate containing 100 μl of sample in PBS. Alternatively, 50 μl of blood was transferred directly to wells containing 150 μl of sample in RPMI. After 1 h incubation at 37 °C and 5% CO~2~, the plate was centrifuged at 800*g*, 150 μl of each sample was transferred to a flat-bottom 96-wells plate and the absorbance at 450 nm was measured. Results are expressed as percentage of erythrocyte lysis compared to the positive control (2.5% Tween-20). Values below 10% are regarded as non-haemolytic.

Whole-blood assay
-----------------

Fresh venous blood from healthy donors, collected in the presence of lepuridin (50 μg ml^−1^), was mixed with 3 parts RPMI-1640---GlutaMAX-I (Gibco). Next, 1 ml of this mixture was transferred to each well of a 24-wells plate and incubated with a range of FYT21, HVF18 or, as a control, H~2~O and stimulated with 100 ng ml^−1^ of LPS (Sigma Chemical Co., USA), 0.1% CM of *P. aeruginosa* strain 15159 or no stimulus. After 18--22 h incubation at 37 °C and 5% CO~2~, supernatants were collected and stored at −70 °C.

NFκB and AP-1 activity measurement
----------------------------------

THP1-Xblue-CD14 reporter cells (InvivoGen, France) were cultured and stimulated following manufacturer\'s instructions. Cells were incubated with 0.1--10 μM FYT21 or 1--40 μM HVF18 and stimulated with 1--1,000 ng ml^−1^ of *P. aeruginosa* or *E. coli* LPS (Sigma), 1 μg ml^−1^ purified LTA (InvivoGen), 10 μg ml^−1^ zymosan A (Sigma), 100 ng ml^−1^ purified flagellin (InvivoGen), 1--100 ng ml^−1^ recombinant TNF-α (InvivoGen), 0.1% CM of various *P. aeruginosa* strains or no stimulus. In addition, cells and/or peptide were pretreated with 5--100 μg ml^−1^ dermatan sulphate (DS36)[@b41]. After 18--22 h incubation at 37 °C and 5% CO~2~, 20 μl of the supernatants were transferred to new 96-wells plates and 180 μl of QUANTI-Blue (InvivoGen) was added. Plates were incubated at 37 °C and the levels of secreted embryonic alkaline phosphatase (SEAP), which is controlled by the activation of transcription factors NFκB and AP-1, were measured after 1--2 h at an absorbance of 600 nm. To establish the effect of FYT21 on activation of NFκB/AP-1 via TLR9, RAW-Blue reporter cells (InvivoGen) were cultured according to manufacturer\'s instructions, incubated with 10 μM FYT21 and stimulated with 500 ng ml^−1^ ODN1826 (InvivoGen).

LDH assay
---------

THP1 reporter cells were incubated as described above with 0.1--80 μM FYT21 or no FYT21 as a control. Next, LDH release in 100 μl cell culture media was measured using a lactic acid dehydrogenase based *in vitro* toxicology assay kit (Sigma-Aldrich) according to manufacturer\'s instructions.

Flow cytometry
--------------

THP1 reporter cells in PBS containing 0.2% BSA were incubated for 30 min on ice with conjugated mAbs directed against CD14 (BD Pharmingen, BD, USA), CD282 (Toll-like receptor-2; Hycult Biotechnology, the Netherlands) or CD284 (TLR4; Affymetrix eBioscience, Inc. USA). RAW reporter cells were incubated with conjugated mAbs directed against TLR4/MD-2 complex (BD Pharmingen). Analyses were performed on the FACSCalibur (BD) in combination with CellQuest Pro software. MFI of unstained samples were subtracted from the stained samples.

Cell-binding assay
------------------

To investigate FYT21 binding to cell surfaces, 2 × 10^5^ THP1 reporter cells in 200 μl medium or 20 μl whole blood in 40 μl HEPES buffer were incubated with or without TAMRA-labelled FYT21 as described in the results section. After incubation, erythrocytes in whole blood were lysed using Uti-Lyse Erythrocyte Lysing Reagents (DAKO). In addition, cells were treated with trypsin (0.1--10 μg) or phosphatidylinositol-specific phospholipase C (0.1--1 U ml^−1^) for 30 min before incubation with FYT21 or the peptide was added to cells together with dermatan sulphate 36 (5--100 μg ml^−1^). The median fluorescence intensities of the various cells were measured on the FACSCalibur.

*In vivo* models
----------------

Animal experiments were conducted according to national guidelines and approved by the local ethics committee as described above. Animals were housed under standard conditions of light and temperature, and had free access to standard laboratory chow and water.

Balb/c mice (female, 10--12 weeks; Scanbur, Denmark) were injected intraperitoneally (i.p.) with 1 mg kg^−1^ *P. aeruginosa* LPS in 100 μl PBS. PBS injection was used as a control. After 30 min, the mice were injected i.p. with 500 μg FYT21 in 100 μl 10 mM Tris. To investigate the effect of purified elastase, mice were injected subcutaneously (s.c.) with 100 μl conditioned medium of strain PAOB1 alone, or supplemented with 3 units purified *P. aeruginosa* elastase. The mice were terminated 4 h after the start of the experiment by cervical dislocation and blood was immediately collected in EDTA by cardiac puncture.

*In vivo* imaging
-----------------

Mice were injected i.p. as described above with 5 mg kg^−1^ LPS and 500 μg FYT21. At several time points, mice were anesthetised with 3.5% Isoflurane (Baxter, USA) and injected s.c. with 25 μg g^−1^ of the chemiluminescence probe L-012 (Wako Chemicals, Germany) in 50% PBS. The presence of reactive oxygen species in the mice was measured using an IVIS SPECTRUM/200 Imaging System (Caliper Life Sciences, USA). During imaging the mice were immobilized with 2% Isoflurane. Data acquisition and analyses were performed using Living Image version 4.4 (Caliper Life Sciences). Image exposure times were set automatically by the software. Results are expressed as radiance (photons per s).

Measurement of cytokine levels
------------------------------

Cytokine levels in human and mouse whole-blood samples were assessed using respectively BioSource CytoSet (Invitrogen) and Cytometric Bead Array mouse inflammation kit (BD) following manufacturer\'s instructions.

Electron microscopy
-------------------

Detection of binding of thrombin C-terminal peptides to leukocytes in chronic venous ulcers was performed on fibrin slough fixed with 2.5% glutaraldehyde in cacodylate buffer. To investigate the binding of FYT21 to both LPS and cell membranes, THP1 cells were incubated for 30--60 min with 10 μM FYT21 and/or 100 ng ml^−1^ of LPS at 37 °C. Next, cells were harvested, centrifuged at 250*g* and resuspended in fixation solution. Finally, for detection of binding of C-terminal peptides to bacteria, *P. aeruginosa* 15159 (5 × 10^8^ ml^−1^) were incubated *ex vivo* with human plasma, acute wound fluid or chronic wound fluid for 30 min at 37 °C, washed and resuspended in fixation solution.

Sections mounted on gold grids were blocked with 50 mM glycine, incubated for 15 min with 5% goat serum in 0.2% BSA-c in PBS, pH 7.6 and then incubated overnight at 4 °C with polyclonal antibodies against VFR17 (1 μg ml^−1^), LPS (10 μg ml^−1^; LifeSpan BioScienes Inc, USA) and/or TLR4 (10 μg ml^−1^; eBioscience). Next, grids were washed, incubated for 2 h at 4 °C with 1 μg ml^−1^ of various gold labelled IgGs (BBI Solutions, UK), washed and postfixed in 2% glutaraldehyde. Finally, sections were washed in H~2~O and post-stained with 2% uranyl acetate and lead citrate. Samples were examined with a FEI/Philips CM 100 electron microscope operated at 80 kV accelerating voltage connected Olympus Veleta camera.

Statistical analysis
--------------------

To calculate the differences between *in vitro* control samples and those incubated with FYT21 or HVF18, a paired *t*-test (when comparing two groups) or a one-way ANOVA with a Dunnett\'s multiple comparisons test (when comparing more than two groups) was performed using Graphpad Prism version 5.03. Comparison of *in vivo* results was done using a Mann--Whitney test. A *P* value of\<0.05 was considered significant.
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![Isolation of the C-terminal-derived thrombin peptide FYT21.\
(**a**) Human α-thrombin was digested with CM from several protease producing (1:PAO1, 2--4: clinical isolates) and non-producing (5: PAOB1; 6: clinical isolate) strains for 1 h at 37 °C and analysed by SDS--PAGE (left) and western blotting (right). Thrombin alone was used as a control (c). The arrow indicates peptides of similar molecular mass as the endogenous HVF18, which are only formed in the presence of CM of elastase producing strains. (**b**) Thrombin was digested with purified *P. aeruginosa* elastase for various periods of time and analysed using western blotting. Thrombin alone was used as a control directly (C) or after 3 h incubation at 37 °C (C180). (**c**) Thrombin fragments obtained after 1 h digestion, followed by separation by SDS--PAGE, were subjected to N-terminal sequencing. (**d**) HPLC profile of digested thrombin. The insert shows the fractions containing C-terminal epitopes of thrombin. The full sequence of the peptide in fraction 32 was obtained using Orbitrap analysis (**e**). (**f**) A 2D (showing the inter-chain disulphide bond) and a 3D model of thrombin depicting all cleavage sites of elastase. Each colour represents one cleavage site. The C-terminal peptide FYT21 is depicted in red. Of note, the sequences TFGSG and IVEGS represent the N termini of the light and heavy chains, respectively.](ncomms11567-f1){#f1}

![FYT21 reduces pro-inflammatory cytokine release by inhibiting NFκB/AP-1 activation.\
Whole blood (25%) was incubated overnight at 37 °C with FYT21 (**a**) or HVF18 (**b**) and 100 ng ml^−1^ of LPS, and supernatants were analysed by ELISA. (**c**) NFκB/AP-1 activity of THP1 reporter cells incubated overnight with a range of LPS with or without FYT21 or HVF18. (**d**) Cells were incubated with 10 μM FYT21 for 1 h, followed by adding LPS directly to the cells (Not Washed) or washing the cells first to remove unbound peptide. After centrifugation of the latter, the cells were suspended in fresh medium containing LPS (Washed), whereas the supernatants containing unbound peptide were transferred to naive cells followed by stimulation with LPS (Supernatant). Results are means±s.e.m. of 3--9 experiments. Values are significantly (\**P*\<0.05, \*\**P*\<0.005 and \*\*\**P*\<0.0005) different from the controls as analysed using a one-way ANOVA with a Dunnett\'s multiple comparisons test (**a**--**c**) or a paired *t*-test (**d**).](ncomms11567-f2){#f2}

![Binding of FYT21 to LPS and cell surfaces.\
(**a**) Binding of ^125^I-labelled LPS to FYT21 and HVF18 using a slot blot assay. (**b**) Binding of a range of TAMRA-labelled FYT21 to THP1 cells after 30 min incubation at 37 °C or (**c**) binding of 10 μM FYT21 after various incubation times at 37 °C or (**d**) 4 °C. (**e**) Cells were incubated with 10 μM FYT21 for 30 min, washed and the reduction in cell binding was followed for 5 h. (**f**) The percentage of FYT21 positive cells and the median fluorescence intensity (MFI) after incubation of whole blood with TAMRA-labelled FYT21. Results are means±s.e.m. of 3--8 experiments.](ncomms11567-f3){#f3}

![FYT21 inhibits TLR4 dimerization induced by LPS.\
THP1 cells were incubated o/n with a range of FYT21 without (**a**) or with (**b**) 100 ng ml^−1^ of LPS, and the expression of CD14, CD282 (TLR2) and CD284 (TLR4) was measured on a FACSCalibur. Results, expressed as mean fluorescence intensity (MFI), are means±s.e.m. of eight experiments. (**c**) The expression of monomeric TLR4 on RAW-Blue cells, as compared with dimerized/LPS-bound TLR4 (*n*=4), using an antibody that only binds to the monomeric form. A representative FACS histogram is shown to the right. Results of control samples were set at 100%. The effect of 10 μM FYT21 or 50 μg ml^−1^ of polymyxin B on LPS-induced TLR4 activation are expressed as a percentage relative to the control. Results are means±s.e.m. of four experiments. Values are significantly (\**P*\<0.05 and \*\*\**P*\<0.0005) different from the controls as analysed using a one-way ANOVA with a Dunnett\'s multiple comparisons test. (**d**) Cells were incubated with LPS and/or FYT21 for 30--60 min followed by processing and Au-labelling with antibodies against TLR4, LPS and FYT21: (I) monomeric TLR4, (II) LPS-induced dimerization of TLR4, (III) binding of FYT21 to the membrane, (IV) the interaction between FYT21, LPS and TLR4 when the cells were preincubated for 30 min with FYT21 or (V) LPS, or when added simultaneously (VI; scale bar, 200 nm).](ncomms11567-f4){#f4}

![*In vivo* relevance of FYT21.\
(**a**) Wound fluids from non-healing leg ulcers (numbers 1--5) were analysed by western blotting using an antibody recognizing the C-terminal part of thrombin; plasma (p) is shown in lane 2. (**b**) An EM picture of a leukocyte, located in fibrin slough from an infected chronic wound, containing C-terminal epitopes of thrombin (black dots). The scale bars indicate 2 μm (left) and 100 nm (right). (**c**) Representative LC--MS/MS chromatogram of affinity purified wound dressing extract depicted in black; HVF18 eluted at 54 min and FYT21 at 59 min. The Orbitrap mass spectra of the triple-charged HVF18 peptide (*m*/*z* 757.7625) and the quadruple-charged FYT21 peptide (*m*/*z* 671.3670) enabled mass determination of both peptides (isotopic distribution depicted in grey). The assigned fragmentation pattern of HVF18 is given in red. (**d**) Cytokine analysis of blood collected from Balb/c mice (female 10--12 weeks), 4 h after i.p. injection with 1 mg kg^−1^ of LPS or PBS, which was followed after 30 min with injection of FYT21 (500 μg) or 10 mM Tris, pH 7.4. Control mice were injected twice with buffer. Results are means±s.e.m. of three independent experiments with 3--6 mice per group. (**e**) *In vivo* image of mice injected s.c. with the reactive oxygen species reporter probe L-012, 4 h after i.p. injection with 5 mg kg^−1^ of LPS and 500 μg FYT21 as described in **d**. Results are means±s.e.m. of three independent experiments with 3 mice per group. (**f**) A representative image of the four groups at 2 h and 4 h after injection: C, control; FYT, FYT21; L+F, LPS+FYT21. Values are significantly (\**P*\<0.05, \*\**P*\<0.005 and \*\*\**P*\<0.0005) different from the controls as analysed using a Mann--Whitney test.](ncomms11567-f5){#f5}

![FYT21 inhibits cell activation by various TLR agonists.\
NFkB/AP-1 activity of THP1 reporter cells (**a**) or RAW reporter cells (**b**) stimulated with the TLR2/4 agonists LPS of *P. aeruginosa* (Pa) and *E. coli* (Ec), the TLR2 agonists LTA and zymosan, the TLR5 agonist flagellin, or the TLR9 agonist ODN 1 h before (A\>1 h\>FYT21) or after (FYT21\>1 h\>A) incubation with 10 μM FYT21, together with FYT21 after 1 h preincubation (FYT21+A 1 h preincubation) or FYT21 and agonist were mixed in the cell culture well (FYT21+A). (**c**) THP1 reporter cells were preincubated for 1 h with 10 μM FYT21 followed by stimulation with conditioned medium (CM) of three strains of *P. aeruginosa*. (**d**) Cytokine analysis of whole blood stimulated similarly as **c** with CM of the clinical strain 15159. (**e**) Effect of FYT21 on stimulation with recombinant TNF-α. Results are means±s.e.m. of 4--9 experiments. (**f**) Cytokine analysis of blood collected from Balb/c mice (female 10--12 weeks), 4 h after s.c. injection with 100 μl CM of PAOB1 supplemented with 3 units *P. aeruginosa* elastase or 10 mM Tris buffer. Results are means±s.e.m. of three independent experiments with 3 mice per group. Values are significantly (\**P*\<0.05, \*\**P*\<0.005 and \*\*\**P*\<0.0005) different from the controls as analysed using a one-way ANOVA with a Dunnett\'s multiple comparisons test (**a**,**b**), a paired *t*-test (**c**--**e**) or a Mann--Whitney test (**f**).](ncomms11567-f6){#f6}

![The interaction between bacteria and FYT21.\
(**a**) Thrombin was digested with *P. aeruginosa* elastase and the resulting material was used in a bacterial overlay assay to assess bactericidal activity against *E. coli*. FYT21 was run in parallel; the lane is from the same gel but aligned for clarity. (**b**) Antimicrobial activity of FYT21 or HVF18 against various Gram-negative and Gram-positive bacteria in exponential phase in 10 mM Tris buffer containing 5 mM glucose and/or supplemented with 0.15 M NaCl or 0.15 M NaCl and 10% citrate plasma (cp), or (**c**) in 25% human whole blood and incubated for 2 h with a range of FYT21 or HVF18. Results are means±s.e.m. of 4 experiments. (**d**) *P. aeruginosa* 15159 was incubated with plasma (P), acute wound fluid (AWF) or chronic wound fluid (CWF) for 30 min and binding of thrombin-derived C-terminal epitopes to the bacterial membrane was visualized using electron microscopy (scale bars, 2 μm (overview image) and 100 nm).](ncomms11567-f7){#f7}
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